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Functional tests show that cells are equipped with a largely excessive UPS activity (6, 7) , which enables the cells to promptly respond to acute proteotoxic stress, reflecting the crucial role of this system in protein quality control and cellular protein homeostasis (3, 5) .
Although ubiquitin/proteasome-dependent proteolysis is exclusively executed in the nucleus and cytosol, it has become increasingly clear that there is a tight connection between the protein quality control in the endoplasmic reticulum (ER) and the UPS (8) . Given the substantial protein load in the ER, its delicate environment and the broad array of post-translational modifications taking place in this organelle, it is of uttermost importance for the cell to promptly eliminate abnormal and potentially hazardous ER proteins (9) . In a process known as ER-associated degradation (ERAD), proteins that fail the ER quality control are transported back to the cytosol where they are rapidly destroyed by the UPS (8) . Under conditions that negatively affect the environment in the ER, the pool of aberrant ER proteins rapidly increases resulting in the induction of the unfolded protein response (UPR). The UPR is a cellular program which is activated by a complex signalling cascade and involves at least three different mechanisms to re-establish homeostasis: attenuation of protein synthesis, optimization of chaperone-assisted protein folding and augmentation of protein degradation (10) . Stimulation of translocation of aberrant ER proteins to the cytosol followed by UPS-dependent degradation is an integrated part of the UPR and is an important means to relieve the burden of abnormal proteins in the ER (9, 10) . Cells that fail to restore a proper ER homeostasis will eventually be eliminated by ERstress induced programmed cell death (11, 12) . Notably, cells that heavily depend on the ER, such as professional secretory cells, display a chronic UPR to facilitate production of large amounts of ER client proteins without overloading this organelle (13, 14) . Recent studies suggest that ER stress and induction of the UPR are common phenomena in conformational diseases. It has been reported that ER stress might participate in the pathogenesis of conformational diseases such as Alzheimer's disease (12), Parkinson's disease (15), Huntington's disease (16) , amyotrophic lateral sclerosis (17) , spongiform encephalopathies (18) and α1-antitrypsin deficiency (19) .
An important unresolved question is why the UPS fails to clear misfolded, aggregation-prone proteins in conformational diseases and allows these proteins to form the characteristic cytoplasmic and nuclear inclusions (2) . Several studies have identified disease-associated proteins, such as mutant huntingtin (6, 20) and the aberrant ubiquitin UBB +1 (21, 22) , that negatively affect the efficacy of the UPS supporting a role for UPS dysfunction in some conformational diseases. Impairment of the UPS as a consequence of these proteins is usually rapidly followed by cell death (6, 22, 23) . It seems therefore unlikely that impairment of the UPS by these toxic proteins account for the long-term gradual accumulation of misfolded proteins observed in these diseases. Moreover, this model does not explain why particular cells perish while others cope rather well with high levels of the mutant protein.
In the present study, we have investigated the effect of ER stress on the functionality of the UPS. We found that ER stress has an overall effect on the functional status of the UPS as it causes accumulation of four different UPS substrates in the ER, cytosol and nucleus. Our data identifies an unexpected link between ER stress and UPS functionality and suggests that the load of ER client proteins and the 
Results

Generation and characterization of a panel of UPS reporter cell lines
It has been previously shown that functional analysis of the UPS can be accomplished by following the steady state levels of reporter substrates (6, 7) . These reporter substrates are typically based on an intrinsic fluorescent protein provided with a constitutively active degradation signal that targets the proteins for ubiquitination and proteasomal degradation (24) . Cells expressing reporter substrates respond to functional impairment of the UPS by accumulation of the readily detectable fluorescent reporter substrate. We generated a collection of four yellow fluorescent protein (YFP)-based reporters representing different classes of UPS substrates (Fig.   1A ). These include the ERAD substrate CD3δ-YFP and three previously described cytosolic/nuclear reporters: the N-end rule substrate ubiquitin-Arg-YFP (Ub-R-YFP), the ubiquitin fusion degradation (UFD) substrate Ub
G76V
-YFP and the YFP-CL1 substrate (6, 7) . The T-cell receptor subunit CD3δ is a well-established ERAD substrate (25) . Notably, while Ub-R-YFP and Ub G76V -YFP are properly folded proteins, YFP-CL1 is targeted for degradation through the presence of the C-terminal bulky hydrophobic motif CL1, which resembles a misfolded domain (26) . (Fig. 1E) . The YFP fluorescence of untreated Ub-R-YFP ( Fig. 1F) and Ub G76V -YFP (Fig. 1G ) cell lines was close to the detection threshold but strongly increased in both cytosol and nucleus after inhibitor treatment. In inhibitortreated YFP-CL1 cells, the accumulated reporter was sequestered in juxtanuclear structures ( Fig. 1H ) that co-stained with the centrosome marker γ-tubulin ( Supplementary Fig. 1 ). These characteristic structures, known as aggresomes (27) , are often observed with hydrophobic aggregation-prone UPS substrates, which is in line with the misfolded nature of the CL1 degradation signal. Together these data confirm that the reporter cell lines provide a versatile system to monitor independently three major pools of UPS substrates: ERAD substrates (CD3δ-YFP), soluble cytosolic/nuclear substrates (Ub-R-YFP and Ub
-YFP) and misfolded cytosolic/nuclear substrates (YFP-CL1).
ER stress causes accumulation of four different UPS substrates
To investigate the effect of ER stress on the UPS, we treated the reporter cell lines with the ER stressors thapsigargin, which depletes the ER calcium storage by specific inhibition of the ER-calcium ATPase, and tunicamycin, which inhibits N-linked glycosylation. The presence of alternative spliced XBP1 transcripts ( Fig. 2A) and induction of the transcription factor CHOP (Fig. 2B) , two markers for induction of the UPR, confirmed the robustness of ER stress upon treatment with thapsigargin and tunicamycin. Both treatments induced an increase in the CD3δ-YFP levels that stress that was detectable 6 h after thapsigargin administration (Fig. 2F) . A maximal effect on Ub-R-YFP levels was already obtained at low levels of tunicamycin (data not shown) and thapsigargin ( Fig. 2G ) and did not further increase at higher concentrations of these ER stressors. Even these low doses of thapsigargin induced ER stress as evidenced by the presence of alternatively spliced XBP1 transcripts ( Supplementary Fig. 2 ).
The increase in fluorescent intensities of each of the reporters could be readily detected by confocal laser scanning microscopy. The distribution pattern of the (Fig. 3D, E ). However, it should be emphasized that a very small increase in the half live of Ub-R-YFP will be sufficient to obtain the observed 3-fold increase over a 17 h period.
We have shown before that small changes in the efficiency of the UPS can be revealed by monitoring how rapidly cells can clear substrates that have been accumulated in the cells by temporally stalling proteasomal degradation (7) . In this experimental setup, substrates of the UPS are first accumulated during a short incubation with the reversible proteasome inhibitor MG132, and the clearance of the accumulated substrates is then monitored after releasing the UPS by removal of the inhibitor. We found that the clearance of the Ub-R-YFP reporter was delayed in cells undergoing ER stress (Fig. 3F) . Notably, whereas in control cells we found that cells rapidly converted from a high fluorescence to low fluorescence intensity, reduction of the fluorescence intensity in thapsigargin-treated cells proceeded very gradually.
Thus, degradation of ERAD and soluble substrates are delayed in cells undergoing ER stress.
Normal proteasome levels and proteasome activity during ER stress
We investigated whether reduction of proteasome activity could account for the delayed degradation of UPS substrates during ER stress. By Western blot analysis, we compared the levels of two subunits of the proteasome core complex in control and thapsigargin-treated cells. No differences between the levels of the constitutive α3- 
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subunit or the inducible β2i subunit were found (Fig. 4A ). Even though the proteasome levels were not affected, reduced proteolytic activity of the proteasome could still be responsible for reduced protein degradation. Therefore, we measured the levels of the chymotrypsin-like and trypsin-like activities of the proteasome using fluorogenic peptides. This experiment did not reveal any significant differences in these proteasomal activities between untreated cells and cells treated with tunicamycin or thapsigargin (Fig. 4B ). The lack of changes in these proteolytic activities of the proteasome during ER stress suggests that the proteasome core complex is unaffected and therefore unlikely to be responsible for the delayed degradation.
Reporter accumulation is not caused by induction of apoptosis
Sun and co-workers have recently reported that induction of apoptosis by the DNA topoisomerase II inhibitor etoposide causes caspase 3-dependent cleavage of subunits in the 19S regulatory complex of the proteasome, which in turn inhibits the UPS (30).
Since persistent ER stress eventually results in induction of apoptosis (12), we considered the possibility that the effect observed on protein degradation after treatment with ER stressors was due to ER stress-induced apoptosis. Caspase 3 is an effector caspase that is activated in different forms of programmed cell death including ER stress-induced cell death (31) . In cells that had been treated for 17 h with thapsigargin, there was only a small increase in caspase 3 activity arguing against massive apoptosis at this time point (Fig. 5A ). Etoposide-treatment gave robust activation of caspase 3 but nevertheless only moderately affected degradation of the reporter (Fig. 5B, C) . Thus, the accumulation of reporter in the presence of minimal levels of active caspase-3 during ER stress and the marginal effect on
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reporter degradation in etoposide-treated cells suggest that apoptosis is not responsible for the UPS dysfunction observed during ER stress.
ER stress compromises clearance of the aberrant ubiquitin UBB
+1
We next asked how a problematic and disease-associated substrate is handled by the compromised UPS in cells undergoing ER stress. The aberrant ubiquitin UBB +1 is encoded by an abnormal transcript of the ubiquitin B gene, which is generated at a low frequency by an erroneous transcriptional event known as molecular misreading (32) . Accumulation of the UBB +1 protein has been detected in a number of neurological and non-neurological conformational disorders (33) (34) (35) . We have shown that UBB +1 is a substrate of the UPS but unlike normal substrates, it can also cause general impairment of the UPS by an unknown mechanism (22 
ER stress causes accumulation of a UPS reporter substrate in vivo
The results obtained in cell lines prompted us to investigate the effect of ER stress on the UPS in vivo. We took advantage of a recently developed transgenic mouse model for monitoring the UPS, which is based on the ubiquitous expression of the Ub G76V -GFP reporter (36) .
Treatment of primary fibroblasts obtained from Ub Induction of UPR by in vivo administration of tunicamycin is restricted to the tubular epithelium of the kidney (12, 37) . Detailed analysis of the kidneys of tunicamycin-treated reporter mice showed that accumulation of Ub G76V -GFP reporter levels was also confined to the tubular epithelium while the adjacent glomeruli were negative for the reporter substrate (Fig. 7C ) and the UPR marker CHOP (Fig. 7D ).
Biochemical analysis of kidney samples confirmed the increase in Ub 
Discussion
An important unresolved question in the pathophysiology of conformational diseases is why the UPS fails to destroy the aggregation-prone proteins and allows the accumulation of these toxic proteins over time (3) . Several reports have identified factors that can cause a general dysfunction of the UPS (6, 20, 38, 39 ) and it appears that some of the disease-associated proteins themselves are problematic proteasome substrates that resist the UPS (22, 40, 41) . Although a general impairment of the UPS could explain the uncontrolled accumulation of misfolded proteins, this is difficult to reconcile with the typical slow progression of these diseases as a general impairment of the UPS is usually promptly followed by the induction of apoptosis (7) . Therefore, In the present study, we show that ER stress has a subtle effect on the functionality of the UPS, which results in a modest accumulation of cytosolic/nuclear
substrates. This accumulation is only approximately 10% of the effect accomplished by a full obstruction of the pathway. Importantly, the UPS remains rather functional in these cells as the levels of the short-lived reporter proteins are kept within acceptable limits during the time frame of these experiments. This does not mean that the subtle changes in the UPS are without consequences. We found that for a small fraction of the cells expressing the YFP-CL1 reporter treatment with ER stressors was sufficient to provoke the formation of inclusions suggesting that the amounts of misfolded proteins in the cytosol exceed the capacity of the cell's refolding and degradation systems. Moreover, cells exposed to ER stressors failed to efficiently clear the aberrant ubiquitin UBB +1 found in conformational diseases.
Several conformational diseases have been linked to the occurrence of ER stress (12, 16, 17, 19) . Although a lot of attention has been paid to the role of ER stress in diseases, chronic ER stress is not restricted to pathologic conditions. For example, plasma cells, after an initial UPR-independent adaptation process (42), use ER-stress induced UPR to facilitate increased production of immunoglobulins (14) .
UPR-dependent adaptation of the capacity of the ER in order to accommodate an increased load of ER client proteins seems to be a general mechanism in professional secretory cells (13) . Interestingly, this appears to be the case also for some neurons since transport of glutamate receptors in nematodes heavily depend on constitutive We propose that the functional status of the UPS may progress through three distinct phases in conformational diseases (Fig. 8) . Initially the UPS is fully functional and can adequately cope with all cellular substrates. During the second phase, ER stress or other stress conditions may compromise the UPS causing a slow progressive buildup of a particular subset of demanding proteins, which are stored in nuclear inclusions. This phase may explain the slow progression of the diseases as it may start long before the onset of the disease and proceed over decades. The compromised UPS however does not necessarily have to reflect a pathologic condition but may be part of the normal cell physiology. During the third and final phase, the accumulated substrates may cause a general blockade of the UPS rapidly followed by cell death.
Whether cells will perish during the second phase or eventually face full UPS impairment may depend, among many other factors, on the toxicity of the proteins that prevail in the presence of the compromised UPS and the cell's capacity to handle and neutralize these proteins. 
Materials and methods
Constructs
Transfections and tissue culture
The human melanoma cell line MelJuSo and the cervical epithelial carcinoma cell line HeLa were cultured in Iscove's modified Dulbecco medium (Sigma-Aldrich)
supplemented with 10% fetal calf serum (Sigma-Aldrich), 10 units/ml penicillin and 10 µg/ml streptomycin (Sigma-Aldrich). Primary fibroblasts from Ub G76V -GFP/1 mice were isolated and cultivated as described previously (36 Lysates were centrifuged at 14,000 g for 10 min at 4°C and the supernatant was used for immunoprecipitation. YFP-based reporters were immunoprecipitated for 1 h at 4°C with 0.5 µl rabbit polyclonal anti-GFP antibody (Molecular Probes), followed by incubation with protein-A Sepharose beads (Amersham Bioscience) for 2 h at 4°C.
Analysis and quantification of the pulse-chase experiments were performed with a Phospho-imager and Imagequant software (Molecular Dynamics).
Fluorescence microscopy and flow cytometry
MelJuSo cell lines were grown on coverslips for fluorescence microscopy. After fixation with 4% paraformaldehyde (Sigma) and staining with Hoechst 33258 (Molecular Probes), the cells were examined with a Zeiss LSM 510 laser scanning 
Western blot analysis
Cell lysates were resolved on 10% SDS-PAGE and transferred to Protan 
RT-PCR
RNA was isolated from 1 x 10 6 MelJuSo cells or from 1 mg of mouse tissue using RNase minikit (Qiagen). cDNA was generated by reverse transcription of 1 µg RNA using random primers (Invitrogen) and M-MLV reverse transcriptase (Invitrogen).
The XBP1 transcripts were PCR amplified from the cDNA using the sense primer 5'-CCA TGG GAA GAT GTT CTG GG-3' and the anti-sense primer 5'-ACA CGC TTG GGA ATG GAC AC-3' for mouse cDNA, and the sense primer 5'-GGG GCT TGG TAT ATA TGT GG-3' and the anti-sense primer 5'-CCT TGT AGT TGA GAA CCA GG-3' for human cDNA. 
In vivo analysis of the UPS in reporter mice
